Abstract-Wireless power transfer using magnetic resonance requires cutting flux lines generated from the transmitter coil by the receiver coil. This letter shows that an exact one to one coil area ratio or CAR (i.e. primary relative to secondary) is not a pre-condition to obtain high efficiency. It is also shown that high efficiency can be achieved for relatively small CARs by adjustment of the turns ratio. We go on to show that it is possible to achieve a higher energy efficiency than the coil area ratio and the associated flux cut would dictate.
I. INTRODUCTION
The basis of near field wireless power transfer between any two coils is the process of magnetic induction. Passing an alternating current through the first coil (transmitter), produces a magnetic field around it, and cutting the produced magnetic flux lines by the second coil (receiver) creates an electromotive force across it [1] . The ratio between the cross sectional areas of the receiver coil relative to the transmitter coil (Coil Area Ratio CAR) indicates the percentage of flux lines that are cut by the receiver.
In a normal transformer, the primary coil produces the magnetic field and the secondary coil cuts all the flux line by virtue of an iron core. Therefore, transformers have nearly one hundred percent efficiency because of the high coupling. However, without the iron core, the coupling is quite small and it is difficult to achieve high efficiency.
A promising technology to achieve wireless energy transfer at high efficiency through large distance is magnetic resonance [2] , [3] . That is carefully choosing a capacitor for each coil/inductor (transmitter and receiver) so they resonate at the same frequency fr as [4] :
where L1, C1, L2 and C2 are the inductance and the capacitor of the transmitter and the receiver, respectively as shown in Fig. 1 . The figure also shows equivalent circuit of a magnetic resonant wireless power transfer system where VS and RS are the voltage sources and the internal resistor, and R2 is the load resistor. Transfer of power between two coils with a large cross sectional area can achieve higher efficiency than the same transmitter and a smaller receiver. This is obvious because of the coils area ratio and the percentage of flux lines being cut by the receiver. However, it is possible to obtain high efficiency even with small CARs. This letter focuses on how to increase the efficiency of the resonant power transfer with a relatively small CAR.
II. ANALYSIS OF THE SYSTEM
This can be achieved by applying Kirchhoff's law of voltage on each loop in Fig. 1 in order to express the circuit as following [5] :
where M is the mutual inductance between the two coils, XM = 2πfM, XL = 2πfL and XC = 1/2πfC, I1 and I2 are the currents in the first and second loops respectively.
Under the concept of maximum transfer of power, which requires Zin = RS, the efficiency eff can be calculated as:
where Pout and Pin,max are the output and maximum input power; and calculated as: That is a one to one coil area ratio. 1) Starting with a set of two identical resonators as transmitter and receiver (parameters shown in Table I Combination1), gives the maximum efficiency at a 10cm gap between the two coils as shown in Fig. 2 (Comb1). The figure presents the efficiency versus distance. The axial movement of the coupled coils degrades the power transfer efficiency [6] . Fig. 3 shows through the efficiency versus frequency that the maximum transfer of power is at the resonant frequency. Note that Th refers to the theoretical results, Prac refers to the experimental results and Comb refers to the Combination. The mutual inductance between them is calculated as [7] and it depends on the size of the coils (including the cross sectional area and the number of turns). 2) Replacing the two resonators with another set (the characteristics of them are shown in Table I Combination 2) to work at the same frequency, provides different curves of efficiency versus distance and frequency as shown in Fig. 1 and 2 (Comb2). The results are initially surprising, lower efficiency occurs for a 3 cm gap, in spite of near full flux being intersected for both cases. The reason is the difference in the mutual inductance which depends on the size of the two coils.
IV. DIFFERENT SIZE COILS
In this part, a small CAR is studied by using one resonator from the first set as a transmitter and one from the second set as a receiver with a 3 cm gap. As expected the system delivers less power than the first case of identical resonators because of the small CAR (1:17). Yet the power transferred is greater than the second case even though there is a small CAR; this is because of the higher mutual inductance between the coils. The two curves, efficiency versus distance and frequency, are shown in Fig. 2 and 3 (mix1&2). Note that mix refers to the mixed size coils.
V. INCREASE THE EFFICIENCY
Changing the receiver resonator of the last section with: 1) A coil which has double the cross section area and a suitable capacitor to resonate at the same frequency (Table I Combination3 ), leads to higher efficiency than Fig. 2 and 3 (mix1&2) . Fig. 4 and 5 (mix1&3) shows efficiency versus distance and frequency. CAR is (2:17). 2) A coil which has twice the number of turns and a suitable capacitor to resonate at the same frequency, leads to higher efficiency than Fig. 2 and 3 (mix1&2). The parameters of the new resonator are shown in (Table I Combination4 ) and the related results are shown in Fig. 4 and 5 (mix1&4). 3) Using the resonators shown in Table I Combination4 as transmitter and receiver, increases the efficiency, as shown in Fig. 4 and 5 (Comb4) compared with the second step of identical resonators section Fig. 2 and 3 (Comb2). As shown in Fig. 4 and 5, higher efficiency can be achieved by increasing the number of turns in the receiver as well as increasing the cross section area (doubling in this experiment). Therefore, we have shown that it is possible to achieve a higher energy transfer than the CAR and the associated flux cut would dictate.
VI. CONCLUSION
The efficiency of magnetic resonant wireless power transfer is controlled by the mutual inductance between the coils. Several factors affect the mutual inductance, such as the size of the coils including the cross section area and the number of turns. It is possible to increase the efficiency by increasing one or both of them.
Higher efficiency can be achieved with small section coils or with small CARs by increasing the number of turns in order to increase the mutual induction between them. The limitation is the diminishing size of the capacitor to resonate at the desired frequency. We have shown that it is possible to achieve a higher energy transfer than the CAR and the associated flux cut would dictate.
